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Temporal and spatial regulation of morphogenesis is pivotal to the formation of organs from simple epithelial tubes. In a genetic screen for
novel genes controlling cell movement during posterior foregut development, we have identified and molecularly characterized two alleles of
the domeless gene which encodes the Drosophila Janus kinase (JAK)/STAT receptor. We demonstrate that mutants for domeless or any other
known component of the canonical JAK/STAT signaling pathway display a failure of coordinated cell movement during the development of
the proventriculus, a multiply folded organ which is formed by stereotyped cell rearrangements in the posterior foregut. Whereas the JAK/
STAT receptor is expressed in all proventricular precursor cells, expression of upd encoding its ligand and of STAT92E, the signal transducer
of the pathway, is locally restricted to cells that invaginate during proventriculus development. We demonstrate by analyzing gene expression
mediated by a model Notch response element and by studying the expression of the Notch target gene short stop, which encodes a
cytoskeletal crosslinker protein, that JAK/STAT signaling is required for the activation of Notch-dependent gene expression in the foregut.
Our results provide strong evidence that JAK/STAT and Notch signaling cooperate in the regulation of target genes that control epithelial
morphogenesis in the foregut.
D 2003 Elsevier Inc. All rights reserved.Keywords: Drosophila; JAK/STAT; Notch; Cell movementIntroduction
The gastrointestinal tract of animals is a complex organ
system required for digestion, nutrient absorption and ho-
meostasis, which are critical for the maintenance of all
multicellular organisms. The functions of the digestive
system require its regionalization into distinct functional
domains and morphogenesis of a characteristic sequence of
gut accessory organs that arise at stereotype positions along
the anterior–posterior axis of the gut tube (Grapin-Botton
and Melton, 2000; Romanoff, 1960; Strasburger, 1932). In
both vertebrates and Drosophila, the signaling events lead-
ing to the regionalization of the gastrointestinal tract have
been well studied for the development of the foregut. In the
chick and in the mouse, the activity of Hedgehog signals
and their negative regulation by members of the transform-
ing growth factor-h (TGF-h) superfamily are required for0012-1606/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
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1 These authors contributed equally.the generation of boundaries from which foregut gut-asso-
ciated organs such as the lungs, the liver or the pancreas
develop (Hebrok et al., 1998, 2000; Kim and Melton, 1998;
Kim et al., 2000; Pepicelli et al., 1998; Ramalho-Santos et
al., 2000; Roberts et al., 1995, 1998). Similarly, the region-
alization of the Drosophila foregut and the development of
the foregut-associated proventriculus organ require the ac-
tivities of Hedgehog, Wingless and the TGF-h homologue
Decapentaplegic (Pankratz and Hoch, 1995). Furthermore,
recent evidence suggests a role of the Notch signaling
cascade (see Artavanis-Tsakonas et al., 1999; Bray and
Furriols, 2001, for reviews) to control cell movement during
proventriculus development. Loss of Notch signaling results
in the failure of the ectodermal foregut cells to move into the
endodermal midgut layer during proventriculus organogen-
esis (Fuss et al., submitted for publication). Only very
limited data exist, however, on how morphogenetic process-
es during the formation of gut-associated organs are con-
trolled once positional information has been laid down.
The Janus kinase (JAK) pathway was identified through
studies in mammalian cells on the transcriptional activation
response to cytokines and growth factors (Liu et al., 1998;
Watanabe and Arai, 1996). Extensive studies of the pathway
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constitutively associated with the intracellular portion of a
cytokine receptor become activated via ligand-induced di-
merization of the receptor. Activated JAKs subsequently
phosphorylate the receptor on tyrosine residues which cre-
ates binding sites for interaction partners that contain SH2
protein domains. STAT transcription factors which act as the
signal transducers of the pathway bind to one of the phos-
phorylated tyrosine residues on the receptor and become
activated by JAKs. Phosphorylated STATs then homo- or
heterodimerize and translocate to the nucleus where they
regulate the transcription of target genes. The components of
the JAK/STAT signaling cassette are well conserved between
vertebrates and Drosophila. There is only a single JAK
encoded by the hopscotch locus and a single STAT92E
encoded by the stat92E gene in the fly (reviewed by Hombria
and Brown, 2002; Hou et al., 2002). The Unpaired protein
was identified as the ligand of the JAK/STAT receptor
(Harrison et al., 1998). The receptor itself which is encoded
by the domeless locus (also known as master of marelle)
could recently be identified and functionally characterized
(Brown et al., 2001; Chen et al., 2002). The JAK/STAT
pathway controls a broad set of developmental processes in
Drosophila, including segmentation, hematopoiesis, sex de-
termination, spermatogenesis, follicle cell development, bor-
der cell migration, tracheal development and planar polarity
(reviewed by Hombria and Brown, 2002; Hou et al., 2002).
There is increasing evidence that the different outcomes of
JAK/STAT signaling in controlling diverse developmental
decisions such as cell proliferation, cell fate determination or
cell migration relies on its cooperation with other signaling
pathways. Here, we demonstrate that JAK/STAT signaling is
required for the activation of Notch-dependent gene expres-
sion in key morphoregulatory cells in the proventriculus
primordium. Our findings establish a novel link between
JAK/STAT and Notch signaling and the control of epithelial
cell movement in the Drosophila gut.Materials and methods
Molecular analysis of P lines
The P lines l(1)G0217 and l(1)G0468 were isolated in a
feeding screen performed with the Go¨ttingen P collection
(Peter et al., 2002) searching for mutants that show proven-
triculus defects. Plasmid rescue experiments and sequence
analysis revealed that l(1)G0217 and l(1)G0468 represent
two alleles of the previously cloned domeless locus in which
the P elements are inserted at positions + 168 and + 268 of
the 4.8-kb domeless transcript.
Drosophila stocks
Fly stocks used in this study were: l(1)G0217 as dome
allele, hopC111 (Perrimon and Mahowald, 1986), stat92E6346(Hou et al., 1996); updYC43 (Harrison et al., 1998), twiID96,
Notch55e11 (Bloomington), and the Oregon R wild-type
strain. Mutant alleles were kept on ftz-lacZ-FM7; KrGal4-
UASGFP-FM7 or ActGFP-TM3 balancers, respectively.
Notch signaling activity was detected using transgenic flies
carrying the Gbe-Su(H)m8-lacZ reporter construct on the
third chromosome (Furriols and Bray, 2001) Ectopic ex-
pression studies were performed at 29jC using the 14-3 fkh-
Gal4 driver line that mediate expression within the foregut
(Fuss and Hoch, 1998). As UAS effector strain, we used
UAS-Upd (gift of N. Perrimon).
Immunostainings and in situ hybridizations
Embryos were staged according to Campos-Ortega and
Hartenstein (1997) and stained according to standard
protocols (Vectastain). We used the following antibodies:
anti-STAT92E (1:1000, S. Hou), anti-NotchIntra (1:10,
mAbC17.9C6), anti-Delta (1:5, mAbC594.9B, Develop-
mental Studies Hybridoma Bank Iowa); anti-Dve (1:1000,
Nakagoshi et al., 1998); anti-Fork head (1:100, P. Car-
rera); anti-MHC (1:50; D. Kiehart), anti-hGal (1: 100,
Promega) and anti-Armadillo (1:50, Developmental Stud-
ies Hybridoma Bank Iowa). Fluorescent detection of
protein expression was performed with Alexa543- and
Alexa488-coupled secondary antibodies (1:200, respec-
tively; purchased from Molecular Probes) or Cy2-, Cy3-
and Cy5-coupled secondary antibodies (1:100, 1:400,
1:200, respectively; Dianova). Fluorescent images were
recorded using a Leica TSP2 confocal microscope (Leica,
Wetzlar, Germany), images of multi-labeled samples were
acquired sequentially on separate channels. Digoxygenin-
labeled RNA antisense probes were generated by in vitro
transcription of a unpaired cDNA (N. Perrimon) and of
the dome cDNA clone LD4805, respectively.Results and discussion
A mutant screen to isolate regulators of gut development
To identify novel regulators that control gut morpho-
genesis, we screened the Go¨ttingen P element collection
(Peter et al., 2002) for larval feeding defects mutants.
We isolated two non-complementing P element lines,
l(1)G0217 and l(1)G0468, which were lethal at the first
instar larval stage and showed a similar phenotype in
the gastrointestinal tract indicated by block of food
passage at the defective proventriculus organ (Fig. 1).
The proventriculus serves as a valve to regulate food
passage from the foregut into the midgut of Drosophila
larvae (King, 1988; Strasburger, 1932). It displays a
cardia-like shape and is composed of several tissue layers
that arise by a coordinated series of cell movement
processes (Campos-Ortega and Hartenstein, 1997; Pan-
kratz and Hoch, 1995; Tepass and Hartenstein, 1994).
Fig. 1. Feeding screen for regulators of proventriculus development. (A) Drosophila wild-type L1 larva fed with red-dyed yeast in a feeding assay. (B)
Proventriculus of a wild-type larva consisting of an inner layer (white arrow), recurrent layer (grey arrow) and an outer endodermal layer (black arrow). (C)
Proventriculus of a L1 dome mutant larva. Note that the inner and recurrent layers are not invaginated and that the endodermal layer is disorganized.
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we identified a failure of ectodermal cells to invaginate
and a disorganized endodermal layer of the proventriculus
(Fig. 1C). These results suggested that the P alleles
represent a novel gene locus. To clone the affected gene,
we isolated genomic DNA flanking the P insertion sites
and found that the P elements were inserted in the
untranslated leader region of the 4.8-kb transcript that
encodes the JAK/STAT receptor (Materials and methods).
The transcription unit was previously analyzed by
two other labs which have named the locus domeless
(Brown et al., 2001) or master of marelle (Chen et al.,
2002).
Cell movement during proventriculus development
The proventriculus develops from stomodeal cells
which become organized into the monolayered foregut
tube after mitotic divisions have been completed at stage
12 of embryonic development (Campos-Ortega and Har-
tenstein, 1997). In late stage 12, an evagination forms at
the ectoderm–endoderm boundary of the posterior foregut
which gives rise to a structure called the keyhole (Pan-kratz and Hoch, 1995). The keyhole consists of an
ectodermal and an endodermal part (Fig. 2A) as can be
visualized monitoring the expression of the transcription
factors Fork head and Defective proventriculus in the
ectodermal and endodermal cells, respectively (Fuss and
Hoch, 1998). From stage 14 onwards, the cells of the
ectodermal part that localize in a mesoderm-free region
(Fig. 2A) move inward into the endodermal keyhole
domain to finally form the multilayered proventriculus
(Fig. 2B). The morphogenetic processes can be followed
using anti-myosin heavy chain (MHC; Kiehart and
Feghali, 1986) antibody to visualize the mesodermal cell
layer and anti-Armadillo (Arm; Riggleman et al., 1990)
antibody to mark the adherens junctions in the apico-
lateral membrane domains of the gut epithelial cells (Figs.
2A, B). The Wingless signaling pathway plays a key role
during proventriculus morphogenesis (Fuss and Hoch,
1998; Nakagoshi et al., 1998; Pankratz and Hoch, 1995).
Wingless is initially found in all the proventricular pre-
cursor cells (Fig. 2C). However, before initiation of cell
movements it becomes downregulated in the invaginating
cells of the ectodermal keyhole domain with strong
expression persisting in cells adjacent to the invagination
Fig. 2. Cell movement during proventriculus development. Proventriculus development of wild-type embryos. (A) Anti-Fkh (red)/anti-Dve (green)/anti-MHC
(blue) triple immunostainings of a stage 13 embryo. The keyhole structure (ky) consists of an ectodermal and an endodermal part. The ectodermal part, which
has a ball-like shape and later invaginates into the proventricular endoderm, is not covered by visceral mesoderm. (B) Stage 16 embryo stained with anti-Arm
(red)/anti-MHC (blue). The ectodermal keyhole cells move into the endodermal layer during proventriculus development. (C) Anti-Wg (red)/anti-Dve (green)
double staining of a stage 12 embryo. Wingless is initially expressed in a broad expression domain in the keyhole. (D) Anti-Wg (red)/anti-Dve (green) double
staining of a stage 15 embryo. During cell movement, Wingless expression becomes downregulated in the invaginating cells of the ectodermal keyhole domain
with strong expression persisting in cells adjacent to the invagination zone. The anterior boundary cells (ac) have moved into the endodermal chamber and the
posterior boundary cells (pc) localize at the rim of the proventriculus. (E–G) Schematic illustration of cell movements during proventriculus development and
of the dynamic Wingless expression domains. Blue, visceral mesoderm; red, Wingless expression; ac, pc, anterior and posterior boundary cells, respectively.
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keyhole cells is coordinated in a Notch signaling-depen-
dent process by cells which are designated as the anterior
and posterior boundary cells (ac and pc) and are localized
adjacent to cells expressing high levels of Wingless (Fig.
2D). The different steps of proventriculus development
and the Wingless expression domain are schematically
shown in Figs. 2E–G.All members of the canonical JAK/STAT signaling pathway
are expressed in the developing proventriculus
To determine the function of domeless and the other
members of the canonical JAK/STAT signaling pathway, we
studied their expression during proventriculus development.
In situ hybridization analysis reveals that in the proventric-
ulus primordium of stage 12 embryos, upd expression is
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positioned directly at the ectoderm–endoderm boundary of
the keyhole (Fig. 3A). From stage 13 onwards, upd expres-
sion extends into the ectodermal cells of the keyhole and
persists until late stages of proventricular development (data
not shown). In contrast, other members of the JAK/STAT
signaling pathway are expressed in much broader expres-
sion domains from stage 12 onwards (Figs. 3B, D–G). The
JAK/STAT receptor is expressed in all proventricular pre-
cursor cells until late stages of embryonic development (Fig.
3B). The signal transducer STAT92E is expressed at low
levels in all the moving keyhole cells, including the anterior
and posterior boundary cells (Figs. 3D, E). Furthermore, we
find strong expression in Wingless-expressing cells that are
adjacent to the anterior and posterior boundary cells (Figs.
3E, G). STAT92E is also strongly expressed in the visceral
mesoderm directly abutting the mesoderm-free region (Figs.
3D, F). This indicates that the expression domains ofFig. 3. Localized expression of JAK/STAT signaling components in the proventric
posterior boundary cells (pc) which are directly adjacent to the Dve-expressing (br
all the keyhole (ky) cells. (C) Schematic representation of the canonical JAK/STA
Anti-STAT92E/anti-Wg double immunostaining of late-stage 12 (D, E) and stage 1
expression. STAT92E is expressed in early stages of proventriculus development in
(ac and pc in D, E) and in the visceral mesoderm (vm). In later stages, expressi
expression in the visceral mesoderm also persists until late stages of proventriculu
keyhole. Visceral mesoderm, blue; STAT92E expression, red.downstream components of the canonical pathway (sche-
matically shown in Fig. 3C) extend several cell diameters
beyond the upd expression domain into anterior and poste-
rior direction suggesting a gradient of the Upd protein and
JAK/STAT signaling activity in the proventriculus primor-
dium (schematically shown in Fig. 3H). It has been pro-
posed recently that Upd may act as a morphogen to
stimulate follicular fates during oogenesis through JAK/
STAT pathway activation (Xi et al., 2003) and an activity
gradient of JAK/STAT signaling has also been suggested for
hindgut development (Johansen et al., 2003).
The JAK/STAT signaling pathway is functionally required
for cell movement in the proventriculus primordium
To further investigate the role of the JAK/STAT signaling
pathway during proventriculus development, we performed
lack and gain-of-function experiments. The proventriculusulus primordium. (A) Highly localized expression of upd RNA (blue) in the
own) endodermal cells in a stage 13 embryo. (B) Dome RNA is localized in
T signaling pathway (see Hombria and Brown, 2002, for review). (D–G)
6 embryos (F, G). D and F show a single channel visualization of STAT92E
all the invaginating cells including the anterior and posterior boundary cells
on is reduced in the center of the invaginating keyhole domain. STAT92E
s development. (H) Schematic representation of STAT92E expression in the
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development in upd, dome, hop and stat92E mutants (Fig.
4A for dome, compare to Fig. 2C). However, in the keyhole
stage, the anterior boundary cells fail to move inward into
the endodermal keyhole domain (Fig. 4B) and arrest anterior
to the proventricular endoderm until late stages of embry-
onic development (Fig. 4C). Furthermore, the endodermal
cell layer of the keyhole is disorganized and the opening of
the proventriculus is collapsed in dome (Fig. 4C, compare to
wild type in D), upd (Fig. 4E), hop (Fig. 4F) and stat92E
mutants (Fig. 4G). Compared to zygotic upd and dome
mutants, the feeding defect is, however, much less penetrant
in hop and stat92E mutants, which might be due to the
stronger maternal component of the corresponding genes.
It has been observed previously that in hop gain-of-
function alleles in which the pathway is ectopically activat-
ed, the esophagus and the proventriculus are malformed
(Harrison et al., 1998), further supporting an essential role
of the pathway for posterior foregut development. In sum-
mary, these results suggest a requirement of the JAK/STAT
signaling pathway for the cell movement in the proventric-
ulus and for the proper formation of the endodermal layer of
the proventriculus. The morphogenesis defects that are
observed in JAK/STAT mutants seem to result from a failureFig. 4. JAK/STAT signaling is required for cell movement during proventriculus
mutants at stage 13 (A), stage 14 (B) and stage 16 (C). The ectodermal cells of the
(D–G) Anti-Dve immunostainings of stage 17 proventriculi of wild type (D), upd
and the endodermal proventriculus layer is disorganized. (H–K) Anti-STAT92E (r
amorphic twi mutant embryos. Invagination of the keyhole cells still takes plac
STAT92E expression.of JAK/STAT function in the epithelial gut cells and not
from a failure of a mesodermal function. This is concluded
from the finding that the invagination of the ectodermal
keyhole cells and the organization of the endodermal cell
layer of the proventriculus are still rather normal in amor-
phic twist mutants (Figs. 4H–K) in which the mesoderm is
strongly affected (San Martin and Bate, 2001; Thisse et al.,
1988).
Notch activity in the anterior and posterior boundary cells
is dependent on JAK/STAT signaling
Mutant analysis indicates that Notch signaling is required
for the invagination of the ectodermal keyhole cells. The
inward movement is coordinated by the anterior and poste-
rior boundary cells in which the Notch signaling pathway is
activated (Fuss et al., submitted for publication). Since JAK/
STAT and Notch mutants display similar cell movement
defects during proventriculus development, we tested
whether the Notch signaling pathway is still active in the
various JAK/STAT mutants and vice versa. To monitor
Notch activity, we used flies carrying a lacZ-reporter con-
struct in which multiple Su(H) binding sites from the
Enhancer of Split m8 gene are combined with binding sitesmorphogenesis. Anti-Fkh (red)/anti-Dve (green) immunostainings of dome
keyhole fail to invaginate and arrest anterior to the endoderm layer instead.
(E), hop (F) and stat92E (G) mutants. The ectodermal cells fail to invaginate
ed)/anti-Wg (green) immunostainings of stage 13 (H, I) and stage 16 (J, K)
e in the mutants. H and J represent a single channel visualization of the
Fig. 5. Cooperation of JAK/STAT and Notch signaling during proventriculus development. (A–C) Anti-hGal (green)/anti-Wg (red) double staining to monitor
the activity of Gbe + Su(H)m8-mediated reporter gene expression in the anterior and posterior boundary cells (ac, pc) of stage 13. (A) Wild type, (B) dome and
(C) hop mutant embryos. Notch-dependent reporter gene expression is affected in JAK/STAT mutants. (D) Gbe + Su(H)m8 reporter gene activity (green) is
completely absent in Notch mutants (Dve expression visualized in red). Gbe + Su(H)m8 reporter gene activity is ectopically expanded in embryos, in which
Unpaired was ectopically expressed in the proventriculus primordium (E). (F, H, J) Proventriculi of stage 17 wild type and (G, I, K) dome mutant embryos
immunostained for Shot (red)/Dve (green) (F, G), Notch (red)/Dve (green) (H, I), or Shot (red)/Dve (green) (J, K), respectively. Whereas the expression of the
Notch receptor and its ligand Delta are unaffected in dome mutants, expression of Short Stop is severely reduced in the posterior boundary cells (pc). (L)
Working model indicating locally restricted Notch signaling in the pc, which is dependent on Delta expression in the adjacent keyhole cell and on JAK/STAT
signaling in the pc cell.
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Bray, 2001). In cells in which Notch signaling is active and
Grh is expressed, Su(H) cooperates with Grh to yield high
levels of reporter gene expression, whereas reporter gene
expression is repressed in cells in which Notch is inactive.
Whereas upd and dome expression is not obviously
changed in amorphic Notch or Delta mutants (data not
shown), the activity of the Notch signaling pathway is
affected in JAK/STAT mutants. In dome mutants (Fig. 5B,
compare to A) and in hop mutants (Fig. 5C, compare to
A), reporter gene activity of the Gbe + Su(H)m8 reporter
construct is completely absent from the posterior boundary
cells and it is reduced in the anterior boundary cells as
determined by an anti-hGal/Wingless double immunostain-
ing. Whereas reporter gene activity of the Gbe + Su(H)m8
construct is lost in Notch mutants (Fig. 5D), we find
ectopic expression of the Notch-dependent construct when
the JAK/STAT ligand Upd is expressed throughout the
proventriculus primordium (Fig. 5E). Consistent with these
findings, the short stop gene that encodes a cytoskeletal
linker protein of the sprectraplakin superfamily (Gregory
and Brown, 1998; Ro¨per et al., 2002; Strumpf and Volk,
1998) and was previously identified as a Notch target gene
in the proventriculus is not upregulated in the posterior
boundary cells of dome mutants (Fig. 5G, compare to F).
In summary, these results strongly support the conclusion
that JAK/STAT signaling is required for Notch-dependent
target gene activation. The expression of the Notch recep-
tor and its ligand Delta are, however, not changed in
mutants for the JAK/STAT pathway (Figs. 5I, K, compared
to H, J) nor are they misexpressed in response to over-
activation of the JAK/STAT pathway using the 14-3-
fkhGal4 driver and the UAS-Upd effector (data not
shown). Since the Gbe + Su(H)m8 reporter construct con-
tains no STAT92E binding sites, our data suggest that the
transduction of the Notch signal in the boundary cell may
be dependent on JAK/STAT signaling function. The mo-
lecular link between JAK/STAT and Notch signaling still
remains to be determined.
Our expression studies and the lack and gain-of-function
analyses demonstrate a novel role for the evolutionarily
conserved JAK/STAT pathway to control cell movement
during embryonic foregut development. A similar function
of JAK/STAT signaling during morphogenesis of the verte-
brate foregut has not been determined. However, it is known
that the JAK/STAT pathway controls cell movement in
various other developmental processes, including conver-
gent extension during zebrafish gastrulation (Conway et al.,
1997; Yamashita et al., 2002), convergent extension during
Drosophila hindgut elongation (Johansen et al., 2003) and
migration of border cells during Drosophila oogenesis
(Silver and Montell, 2001). Our results further suggest that
JAK/STAT signaling enables the transcriptional activation
of Notch target genes in the proventriculus primordium,
providing a link between JAK/STAT and Notch signaling to
control gut morphogenesis. Redundancy between the JAK/STAT and mirror/fringe/Notch signaling cascades has been
observed previously in studies on planar polarity in the eye
(Zeidler et al., 1999a, 1999b, 2000; Zeidler and Perrimon,
2000). Similarly, the combined and sequential functions of
the JAK/STAT, Epidermal Growth Factor Receptor and
Notch signaling pathways have been demonstrated for the
establishment of anterior and posterior cell fates of the
follicular epithelium (Xi et al., 2003). However, a cooper-
ation of the JAK/STAT and Notch signaling pathways to
control the transcription of Notch target genes, as we find it
during foregut development, is not known yet in other
developmental processes.Acknowledgments
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